Abstract-The characteristics of negative cloud-to-ground (CG) lightning are studied by analyzing their electric field records acquired at the Lightning Observatory in Gainesville (LOG), Florida, in the summer of 2013. For 220 flashes containing 1000 strokes, flash multiplicity, interstroke interval, and first to subsequent return stroke field peak ratio are examined.
INTRODUCTION
Rakov et al. [1] examined the percentage of negative single-stroke flashes and number of strokes per flash (multiplicity) using electric field and optical data acquired in Florida in 1979. They found that the percentage of single stroke flashes was 17% and the arithmetic mean multiplicity was 4.6. Nag et al. [2] examined the ratio of electric field peaks of first to subsequent return strokes based on the data acquired in Florida, Austria, Brazil, and Sweden. The electric field peak of first return stroke is on average 1.7 to 2.4 times larger than its counterpart for subsequent return stroke. For Florida lightning, the arithmetic and geometric means of flTst to subsequent return stroke peak ratio are 2. 1 and 1. 7, respectively. Nag and Rakov [3] examined 8-bit electric field records of negative c1oud-to-ground flashes acquired in Gainesville, Florida in 2006 and found that 18% of them had detectable preliminary breakdown (P B) pulse trains. By comparing the percentage of flashes with detectable PB pulse trains in other regions, they found that at higher latitudes, a larger percentage of flashes exhibit detectable PB pulse train than at lower latitudes. They interpreted this as the more frequent presence of a significant lower positive charge region (LPCR) at higher latitudes than at lower latitudes.
In this paper, the characteristics of negative c1oud-to ground lightning in Florida will be revisited by analyzing electric field records of 220 flashes recorded in 2013 at the Lightning Observatory in Gainesville (LOG), Florida. Flash multiplicity, interstroke interval, first to subsequent return stroke field peak ratio, and percentage of flashes with detectable PB pulses will be examined. Also, we will examine four factors that may affect the detectability of PB pulses: the signal/noise ratio of recording system, type of storm, distance between the observation point and lightning channel, and return-stroke peak current. Additionally, characteristics of PB pulse train will be presented.
II. DATA
The dataset in this study was acquired at LOG by using two-station (LOG-Golf Course site) trigger scheme. The Golf Course site (GC) is located about 43 km away from LOG. When electric field exceeds the preset threshold at GC, the instrumentation at GC is triggered, and a trigger pulse is sent to LOG over the Internet by using an IP -addressed digital input and output device. Due to this trigger scheme, the majority of lightning flashes recorded were relatively close to Gc. According to the information provided by the NLDN, over 85% of the flashes in this study are in the range 20-60 km from LOG.
The electric field measuring system includes a circular flat plate antenna followed by a unity gain, high input impedance amplifier with an active integrator. The system has a useful frequency bandwidth of 16 Hz to 15 MHz. The decay time constant is 10 ms. The sampling interval is 20 ns. The record length is 2 s. Pretrigger time (time interval between the beginning of the record and the first RS) was not fixed because of the IP triggering scheme. The minimum and maximum pretrigger times were 50 ms and 1878 ms, respectively. The average pretrigger time was 556 ms and over 95% of records had> 100 ms pretrigger times.
III. RESULTS AND DISCUSSION
A. Characteristics of Negative CG lightning i) Multiplicity and Percentage of Single-Stroke Flashes Out of 220 flashes containing 1000 strokes, 11% were single-stroke flashes. The distribution of number of strokes per flash (multiplicity) is shown in Fig. 1 . The arithmetic mean number of strokes per flash is 4.5 and geometric mean is 3. 7. In the previous accurate-stroke-count study of Rakov et al. [1] , the percentage of single-stroke flashes was 17%, and the arithmetic mean multiplicity was 4.6. Our results are consistent with the previous findings. 
2)Interstroke Interval
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The inter stroke interval distribution is shown in Fig. 2 . It is found that all the inter stroke intervals have the arithmetic mean of 80 ms and geometric mean of 53 ms, which is comparable to the geometric mean of 57 ms reported by Thottappillil et al. [4] and 60 ms reported by Rakov and et al. [1] . 
3)First to Subsequent Return Stroke Field Peak Ratio
For 737 strokes (excluding saturated and single-stroke records), the ratio of field peak value of first return stroke to field peak value of subsequent return stroke and the ratio of peak value of subsequent stroke to peak values of first return strokes are examined. The distribution of ratios of first to subsequent return stoke peak is shown in Fig 3. They range from 0.24 to 13, with the arithmetic and geometric means of 2.2 and 1.7, respectively, which are very close to the result (2. 1 and 1.7) previously reported by Nag and et al. [2] . The arithmetic and geometric means of ratios of subsequent to first return stoke peak are 0. 75 and 0. 59, respectively, which are almost the same as previously reported by Nag et al. [2] .
First to Subsequent Return Stroke Field Peak Ratio First to subsequent return stroke electric field peak ratio distribution. Note that about 25% of the subsequent stroke field peaks are larger than that of corresponding fust return stroke (the ratio is <1).
We normalized field peaks of subsequent strokes of different order to the field peak of their corresponding first return stroke (see Fig. 4 ). If we ignore the strokes of order 13 to 16 (sample size in each case is equal to 1), the geometric means of field peaks of subsequent stroke (of order 2 to 12) are less than that of first return stroke. Also, the geometric mean values of the field peaks of subsequent strokes of different stroke order (from 2 to 12) are more or less the same. Based on our dataset, we conclude that field peaks of subsequent strokes do not significantly depend on stroke order. B. Factors Affecting Detectability of PB Pulse Trains J)Signall Noise Ratio of Recording System By using the same criteria for identifying PB pulse trains given by Nag and Rakov [5] , we found that 29% of 221 negative c1oud-to-ground flashes have detectable preliminary breakdown pulses in our raw field records (Note here the total number of flashes is 221 instead of 220 because two flashes were recorded in one record. The second flash was only partly recorded, but still could be used for PB analysis). After applying moving-average filtering to the raw records, the percentage increased to 47%. This means the detectability of preliminary breakdown pulses is significantly affected by the signaVnoise ratio of the recording system. 
Time (ms) Figure 5 . Comparison of the electric field (in digitizer volts) waveforms before and after filtering. The top panel shows the waveform before filtering and there is no detectable pulses can be seen. However, after filtering we can clearly see a PB pulse train at around 5 ms in the middle panel. The bottom panel shows the expansion of the PB pulse train seen in the middle panel.
2) Type of Storm
The 221 flashes are grouped by storm in Table I . For each storm (or group of storms), the percentage of flashes with detectable PB pulse trains is given. From Table I , it can be seen that, no matter before or after filtering, the percentage of flashes with detectable PB pulse train varies from one storm to another. For example, the storm on 08/30/2013 had only 13% and 29% of flashes with detected PB pulse train before and after filtering, respectively. However, for the storm on 08/22/2013, the corresponding percentages of detectable PB pulse train were 47% and 71%. Thus, the detectability appears to be affected by the type of storm. Based on the hypothesis of Nag and Rakov [3] that PB pulses are the manifestation of the interaction of stepped leader with lower positive charge region (LPCR), we speculate that storms with high percentage of flashes with detectable PB pulse trains may have a more significant LP CR.
3)Distance between Observation Point and Location of the Flash
We now examine the effect of distance between the observation point and the lightning channel on detectability of PB pulse trains (after filtering). The percentage of flashes with detectable PB pulse trains as a function of NLDN-reported distance is given in Table II . Note that the number of NLDN reported flashes (204) is less than the total number of flashes (221) in our dataset. For the range of 20-30 km, the PB pulse train detectability is 100%. For the range of 30-40 km, the detectability drops to 65%, and it further drops to 41 % in the 40-50 km range. From the data for the 20-50 km range, it appears that PB detectability decreases as the distance increases, but it does increase in the 50-70 km range. The latter trend is likely to be due to the dependence of detectability on peak current (see Fig. 6 ). Indeed, the mean first-stroke peak current in the 50-70 km range is significantly higher than in the 40-50 km range (see Table II ). On the other hand, Marshall et al. [6] suggested that the detectability of PB pulses should significantly decrease beyond 30 or 50 km. Further work (a larger dataset) is needed to clarify how exactly the PB pulse detectability depends on distance. 
4)Peak Current
We found that flashes with higher first return stroke peak currents are more likely to have detectable PB pulse trains. Fig. 6 shows PB pulse detectability as a function of the frrst return stroke peak current reported by the NLDN. One can see that for flashes with frrst return stroke peak current less than 60 kA, the detectability is less than 50% (minimwn is 38% in the 20-40 kA range), while for the 60-240 kA range, the detectability is appreciably higher (maximwn is 91% in the 80-100 kA range). It appears that flashes with higher return stroke peak currents tend to have more intense PB pulses, so that they are more likely to be detected. 
C. Characteristics of P B Pulse Trains i)PB Pulse Train Duration
Characteristics of PB pulse trains were determined for 104 flashes. Field waveforms after filtering were used. The arithmetic mean and geometric mean of the PB pulse train duration are 3.6 ms and 2. 1 ms, respectively, which are close to the 3. 4 ms and 3.2 ms previously reported by Nag and Rakov [5] . The distribution is shown in Fig. 7 . PB Pulse Train Duration (ms) Figure 7 . Histogram ofPB pulse train duration. 
2)PB-RS Time interval
The arithmetic mean and geometric mean of the interval between the start of PB pulses train and return-stroke onset are 26. 8 ms and 19.6 ms respectively, which is close to 22 ms and 17. 7 ms previously reported by Baharudin et al. [7] . The distribution is shown in Fig. 8 . 
3)PBIRS Field Peak Ratio
For 93 flashes (excluding 11 saturated records), the ratio of the largest PB pulse peak value to first return stroke pulse peak value ranges from 0. 05 to 0.97 (see Fig. 9 ), with the arithmetic mean and geometric mean of 0.26 and 0.20, respectively. The latter two values are close to 0.29 and 0.22 reported by Baharudin et al. [7] , but are about a factor of 2 smaller than 0.62 and 0. 45 reported by Nag and Rakov [5] .
Note that in our study, only 5 (5%) of 93 flashes had the largest PB pulse peak value exceeding half of the peak value of the following return stroke and no PB pulse peak exceeded the following return stroke peak. This percentage is a factor 4-5 less than that in the previous studies by Nag and Rakov [5] and Baharudin et al. [7] . This difference might be, at least in part, due to the exclusion of saturated events in our study, which have more intense PB pulses, so that PB/RS ratio in this study should be considered as a lower boundary. 
IV. SUMMARY
The characteristics of Florida negative CG lightning were examined by analyzing electric field records of 220 flashes acquired in 2013. The average multiplicity is 4.5. The arithmetic and geometric means of interstroke interval are 80 ms and 53 ms, respectively. The arithmetic mean of first to subsequent return stroke field peak ratio is 2.2.
By comparing the percentage of flashes with detected preliminary breakdown (P B) pulses before and after filtering, we found that the PB pulse train detectability is significantly affected by the signal/noise ratio. Detectability of PB pulse trains also depends on the type of storm. Distance between observation point and location of the flash and peak current are also factors that may influence the detectability of PB pulse trains. Further investigation is needed.
Characteristics of PB pulse trains in negative CG lightning in Florida were examined. The arithmetic and geometric means of PB pulse train duration for 104 flashes are 3. 6 ms and 2. 1 ms, repectively. The arithmetic mean and geometric mean of the interval between the start of PB pulse train and return-stroke onset are 27 ms and 20 ms, respectively. The PB/RS field peak ratio is on average 0.26. All the characteristics presented in this paper are consistent with previous studies, except for the PB/RS field peak ratio, which is consistent with the results of Baharudin et al. [7] , but not with those of Nag and Rakov [5] .
